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In order to investigate oxyfuel combustion characteristics of typical composition of coal
gasification syngas connected to CCS systems. Instantaneous flame front structure of tur-
bulent premixed flames of CO/H,/0,/CO, mixtures which represent syngas oxyfuel com-
bustion was quantitatively studied comparing with CHy/air and syngas/air flames by using a
nozzle-type Bunsen burner. Hot-wire anemometer and OH-PLIF were used to measure the
turbulent flow and detect the instantaneous flame front structure, respectively. Image pro-
cessing and statistical analyzing were performed using the Matlab Software. Flame surface
density, mean progress variable, local curvature radius, mean flame volume, and flame
thickness, were obtained. Results show that turbulent premixed flames of syngas possess
wrinkled flame front structure which is a general feature of turbulent premixed flames.
Flame surface density for the CO/H,/0,/CO, flame is much larger than that of CO/H,/O./air
and CHy/air flames. This is mainly caused by the smaller flame intrinsic instability scale,
which would lead to smaller scales and less flame passivity response to turbulence presented
by Markstain length, which reduce the local flame stretch against turbulence vortex. Peak
value of Possibility Density Function (PDF) distribution of local curvature radius, R, for CO/H,/
0,/CO; flames is larger than those of CO/H,/O,/air and CHy/air flames at both positive and
negative side and the corresponding R of absolute peak PDF is the smallest. This demon-
strates that the most frequent scale is the smallest for CO/H,/0,/CO, flames. Mean flame
volume of CO/H,/0,/CO, flame is smaller than that of CHy/air flame even smaller than that of
CO/H,/04/air flame. This would be due to the lower flame height and smaller flame wrinkles.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

is mainly composed of CO and H,. One of the most superior
advantages of IGCC technology is that it can realize near zero
CO, emissions [3] when it is extended to CCS. The syngas from

Integrated Gasification Combined Cycle (IGCC) technology has
the attractive features due to its particular advantages such as
fuel diversity and suitability for Carbon Capture and Storage
(CCS) [1,2]. For IGCC power plant, the coal or other fuel re-
sources are gasified and the derived gas is called syngas which

* Corresponding authors. Fax: +86 29 82668789.

this system can be applied to the oxyfuel combustion where
fuel is burned in oxygen rather than air with recycled flue gas
and it is viewed as a new combustion concept [4,5]. Oxyfuel
combustion has some attractive merits such as enhanced
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Nomenclature

A area of the burner outlet, mm?

<c>  mean progress variable

c progress variable

Iy mean stretch factor

Lm Markstein length, mm

Leess effective Lewis number

% Kolmogorov microscale, mm

5% Taylor microscale, mm

Io Integral scale, mm

L flame intrinsic instability scale, mm

Ma Markstein number

R local curvature radius, mm

Rave averaged curvature radius, mm

R* critical curvature radius, mm

Re, turbulence Reynolds number based on Taylor
microscale

SL laminar burning velocity, cm/s

Stk local burning velocity for the stretched flame, cm/s

St turbulent burning velocity, cm/s

Tl adiabatic flame temperature, K

9) mean velocity of the mixtures at the burner outlet,
m/s

u’ turbulence intensity, m/s

Ve mean flame volume, mm?

<W > mean fuel consumption rate, kg/(m?> s)

Ax increment of x of the edge curve

Y mass fraction of the fuel

y,y" first and second derivative of the edge curve

ap thermal diffusivity coefficient, cm?/s

@ equivalence ratio

0 angle of the contour < ¢ >=0.1

& fractal inner cutoff, mm

v kinematic viscosity, cm?/s

Dby Pu burned and unburned mixture density kg/m?

3 flame surface density, mm*

<w> mean reaction rate

or, flame thickness, mm

oT flame brush thickness, mm

radiation heat transfer, downsizing of combustors and free
NO, emissions. With the pure oxygen as the oxidizer, there is
nearly no NO, formation in the combustion process. The con-
centration of CO, in the exhaust gases is relatively high and is
much suitable for CCS. Thus, the oxyfuel combustion is an
acceptable and promising technique for various highly effi-
cient combustors and systems. In the case of premixed type
combustion of IGCC with CCS, the mixture needs to be diluted
with recycled flue gas, which contains relatively high con-
centration of CO, to adjust the flame temperature due to its
larger heat capacity. Compared to conventional hydrocarbons,
both the mixture properties and laminar flame parameters of
syngas, i.e. mass diffusivity, laminar burning velocity, and
turbulence-chemistry interactions of turbulent premixed
flames are significantly different. Therefore, turbulent pre-
mixed flame characteristics, such as turbulent burning veloc-
ity, flame wrinkle scales, flame surface density and fractal
features of syngas is much different comparing to that of hy-
drocarbon fuels. Those flame characteristics reveal the
complicated turbulence-flame interaction since those quanti-
tative parameters were used as the interpretation of turbulent
flame front structure [6]. Also, they are essential to the com-
bustion modeling and highly intensive combustor design.
Flame characteristics [7—9] and flame instability [10] of CO/
H, and CH4 have been studied on spherical flame laminar
Bunsen burner [11] in previous work of the authors’ group. They
also have been studied by other researches at high pressure
[12,13], but the turbulent flow was not involved. However, most
of the previous works focused on the syngas/air mixtures and
few researches were conducted on the syngas oxyfuel com-
bustion, especially under the turbulent condition. The previous
researches of turbulent premixed combustion also have been
performed in combustion chamber [14,15], Bunsen burner
[16—18] and V shape flames [19] on methane/air flame and
limited report on the syngas flames. Furthermore, detailed in-
formation of flame front structure is indispensable for flame
characterization, although some characteristics were obtained

[20—22]. The understanding on detailed flame front structure
was not well quantitatively interpreted and flame properties
and flow structures were not clarified yet.

On the other hand, turbulent combustion involves multiple
processes of vastly different scales. This is manifested by
complex flame front structures such as wrinkled flames,
flamelets, and flame brushes [6]. Turbulent flame front
structure possesses wrinkles of negative curvature sur-
rounding by large pockets of modest positive curvature, which
is mainly due to the key pathways of governing reactions
under turbulent condition and they significantly differ to
those under the laminar condition.

The objective of this study is to declare the turbulence-
flame interaction by analyzing turbulent premixed flame
front structure of CO/H,/O, highly diluted with CO,. A CO/H,/
0,/CO, mixture, whose mole fraction of CO, was 0.55 in the
whole mixture, was investigated as a model mixture for the
typical composition of coal gasification syngas. Turbulence
measurements by hot-wire anemometer and OH-PLIF for the
turbulent premixed flames were performed to describe the
flow field and instantaneous flame front structure. Through
OH-PLIF image processing, turbulent burning velocity, flame
surface density, local curvature radius distribution and aver-
aged curvature radius, fractal inner cutoff, mean flame vol-
ume and flame brush thickness were obtained. The laminar
flame parameters were also used to interpret the different
phenomenon of flame-turbulence interaction.

2. Experimental procedures and image
processing method

2.1. Experimental setup and parameters calculation
method

The turbulent flame experimental apparatus includes air
supply system, turbulent Bunsen burner and OH-PLIF system
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Fig. 1 — The schematic of turbulent premixed Bunsen
burner.

[17]. OH-PLIF was verified as good qualitative marker of flame
front. The copper nozzle-type turbulent premixed Bunsen
burner was used with an outlet diameter of 20 mm to stabilize
the flame, as shown in Fig. 1. An impinging plate and two
pieces of sintering metal were used to get well mixed fuel—air
mixture and rectify the flow. Three kinds of perforated plate
were installed 40 mm upstream of the nozzle outlet to
generate wide range of turbulence conditions. The orifice di-
ameters are 2.1, 3.4 and 4.0 mm, respectively. A hydrogen
diffusion flame was formed around the nozzle outlet as a pilot
flame to support the stable flame and the nozzle is water
cooled. The details about the experimental setup were
described elsewhere [11,17].

The composition and properties of the tested mixtures in
this study are summarized in Table 1. The composition of the
model coal gasification syngas and equivalence ratio, ¢, were
determined based on previous reports which indicated the
major components are CO, H, and other gases [23]. In this
study, CO, concentration of 55% was chosen for the clarifica-
tion of the combustion characteristics of model syngas oxy-
fuel combustion. CO/H,/CO,/air and CH,/air mixtures were

also introduced for the comparative study. For convenience,
the CO/H,/C0O,/0, is indicated as CHO, and CO/H,/CO,/air and
CH,/air are indicated as CHA and CH4, respectively.

The properties of the tested mixtures are summarized in
Table 2. The laminar burning velocity S;, and adiabatic tem-
perature, T.q, were estimated by using the PREMIX code [24]
and CHEMKIN-II database [25] with GRI-Mech 3.0 mecha-
nism [26]. Sy for the three mixtures was adjusted approxi-
mately identical in this study. The effective Lewis number,
Leesr, which represents the diffusional-thermal instability, was
calculated by the method of Dinkelacker et al. [27]. It is based
on the diffusion coefficient of multicomponent fuel and
oxidizer considering stoichiometry. Markstein length, Ly, is
an important parameter to describe the stretch effect and
understand the turbulent flame characteristics. Ly; = 6;Ma is
used to estimate Ly, where 6, and Ma are laminar flame
thickness and Markstein number, respectively. The charac-
teristic flame instability scale, I, which is considered as a
dominant factor for the smallest flame wrinkles [16], was
calculated by Bechtold and Matalon [28] and Yuan et al. [29]
and is also listed in Table 2. It was calculated corresponding
to the maximum growth rate in a dispersion relation.

Turbulence parameters were measured using a constant-
temperature hot-wire anemometer (Dantec, Streamline 90N)
at the center and 1 mm above the burner outlet. The turbu-
lence measure sampling rate is 300 kHz for 5 s. The mean size
of the large eddies in a turbulent flow, integral scale, Io, is
evaluated by integrating the correlation coefficient for the
fluctuating velocities under the assumption of Taylor’s hy-
pothesis and isotropy of the turbulence. Transverse Taylor’s
microscale, 1,, related to the mean rate of strain, was calcu-
lated to evaluate the turbulence Reynolds number, Re, com-
bined with kinematic viscosity, v. Turbulence scales and
turbulence Reynolds number at u'/S;, = 1.45 are given in Table
3 by fitting the measured value within the experimental range.
Fractal inner cutoffs, ¢;, for the tested mixtures calculated with
fractal theory by circle method at u'/S;, = 1.45 are also given in
Table 3. Fig. 2 shows the turbulent premixed flames of the
present work in the Peters modified Borghi’s diagram. It can be
seen that most of the flames in the present study locate in the
flamelet regime. Thus the flame characteristics can be dis-
cussed by assuming flamelet regime.

The instantaneous flame front structure was detected by
OH-PLIF measurement as shown in Fig. 3. An Nd:YAG laser
(Quanta-Ray Pro-190) with the wavelength of 355 nm and a
pumped dye laser (Sirah PRSC-G-3000) with a frequency
doubler were used as the laser source. The YAG laser with
power of 3 W operated at 10 Hz and pulse time of 10 ns was
transferred to the wavelength of 282.769 nm by the dye laser
which is used to excite the Q1(8) line of the A2S « X2T1(1,0)
bands for the OH excitation. The OH fluorescence from the (0,
0) band at wavelength around 308 nm was detected by an ICCD

Table 1 — Summary of the definition and mole fraction of the mixtures.

Mixture Components ¢ Xcn, Xu, Xco XN, Xo, Xco,
CH4 CH,/air 0.85 0.082 = = 0.725 0.193 =

CHA CO/H,/CO,/air 0.7 = 0.072 0.134 0.557 0.148 0.089
CHO CO/H,/C0O»/0, 1.0 = 0.105 0.195 = 0.150 0.550
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Table 2 — Laminar flame properties for the three mixtures in this study.

Mixture St (cm/s) Tad Leess 6L (mm) Ly (mm) I; v (cm?/s)
CH4 30.97 2166.7 0.959 0.073 0.261 1.599 0.1606
CHA 29.50 2117.2 0.607 0.091 0.234 1.111 0.1579
CHO 30.70 2578.8 0.546 0.075 0.145 0.614 0.1160

camera through a UV lens (Nikon Rayfact PF 10545MF-UV)
with intensified Relay Optics (Lavision VC08-0094) and OH
bandpass filter (LaVision VZ08-0222). A 67 x 50 mm? region
was focused onto the monitor with resolution of 800 x 600
pixels. 500 images was analyzed for deciding mean progress
variable, < ¢ >, calculating the turbulent burning velocity, Sr,
flame surface density, ¥, local curvature radius, R, mean flame
volume, V¢ and flame brush thickness, 6r.

2.2. Image processing method

For each condition, 500 instantaneous OH-PLIF images were
processed for the statistical analysis. The OH-PLIF image was
filtered to remove the pixel noise and then binarized, as
shown in Fig. 4(a). The threshold value used here was chosen
based on the pixel intensity over the whole image. Flame
contour was extracted and flame brush was obtained, as
shown in Fig. 4(b) and (c). The progress variable, c, indicates
the temperature or mass fraction, which ¢ = 0 in unburned gas
and ¢ = 1 in burned gas, was determined. Mean progress
variable, <c>, was thereby obtained from 500 images
superimposing as shown in Fig. 4(d). Turbulent burning ve-
locity, St, was calculated by the conventional angle method,

St =Usin(4/2) (1)

where U is the mean velocity at burner exit, § represents the
flame cone of < ¢ >=0.1.

The flame local curvature radius, R, and its statistical
properties such as PDF (Probability Density Function) are
usually used to describe the wrinkled flame front structure.
PDF distribution of R can be used to quantitatively indicate the
flame front wrinkles and structure. When flame edge is
tracked from original OH-PLIF image, the pixels on the flame
edge curve are then considered as the discretized coordinates,
regarding the rows and columns of image matrix elements as
x and y. In this study, R is calculated by,

(1+y2)”*
—
where y’ and y” are the first and second derivative of the edge
curve in the measured plane. Those derivatives were calcu-
lated by numerically differentiating the coordinates of the
flame edge with the interval of 8 pixels on the edge with
truncation error of Ax*. About 280 edges were successfully

R=

(2)

processed to calculate the curvature radius distribution at
each condition. Ris defined as positive value when flame front
is convex to the unburned mixture and negative if concave.
Once the PDF distribution was determined, the ADF (Accu-
mulated Density Function) was thereby obtained by inte-
grating PDF with interval of 0.5 mm as follows,

ADF(R) = / 'PDEdR (3)
0

The characteristic average radius, Rave, Was defined as the
integral average of R from —20 to 20 mm with the interval of
0.5 mm, and it can be considered as the average scale of the
flame front. R,y was calculated as follows,

R* 0
Rave = / PDFdR + / PDFdR
0 R

where R* is 20 mm in this study.

3. Results and discussion
3.1 OH-PLIF images and turbulent burning velocity

Fig. 3 shows the typical OH-PLIF images of the three mixtures
in this study at u'/S;, = 0.40, 1.45. It is obvious that all the three
flames possess the wrinkled flame front structure which is a
general feature of turbulent premixed flames [16,17]. The
turbulence characteristics for the three mixtures at u//
SL. = 1.45 are given in Table 3. Kolmogorov scale, lg, which
wrinkle the flame front, for the CO/H,/CO,/0, flame is smaller
and turbulence Reynolds number which relates to turbulence
intensity is larger than those of other two mixtures. As the
result, the flame front of CO/H,/CO,/0, flame is much finer
and wrinkled compared to those of CO/H,/CO,/air and CHa/air
flames. Deep cusps with small scale are presented in CO/Hy/
CO,/0, and CO/H,/CO,/air flames, especially in the former
flame. This reveals the higher flame surface density and
smaller flame wrinkle scale. At the same u'/S;, flame height of
CO/H,/CO,/0, is decreased due to the smaller turbulence scale
and larger turbulence Reynolds number, as shown in Table 3.
This reveals the different turbulence-flame interactions
among those three mixtures. With increasing u'/S;, the
structure of flame region becomes fine and convoluted in all

Table 3 — Turbulence and flame front characteristics for the tested mixtures at u’/S, = 1.45.

Mixture U (m/s) u' (m/s) u'/Sy, lx (mm) I, (mm) lo/6, Re, £ (mm)
CH4 4.39 0.449 1.45 0.1205 0.4330 20.05 43.37 0.9265
CHA 4.09 0.428 1.45 0.1248 0.4127 16.35 42.96 0.7091
CHO 3.94 0.445 1.45 0.0959 1.2225 19.58 46.90 0.6177
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Fig. 2 — Regimes of tested turbulent premixed flames
revised by Peters [32].

cases. The fine wrinkled flame structure for the CO/H,/CO,/0,
flame is much more distinguished as u'/S; is increased. In the
case of CHy/air flames, the convoluted front structure also
appears, but large scale wrinkles become more frequent and
fine scale cusps do not present even at u'/Sy = 1.45.

Fig. 5 shows the turbulent burning velocity, St, normalized
by laminar burning velocity, S;, for CO/H,/CO,/O, flames
compared with other two mixtures. Results show that S1/S.
significantly increases with the increase of u'/S;. Increasing of
u'/Sy induces a large decrease of small turbulent scales. As a
result, smaller flame surface elements dominate the turbulent
flame structure, leading to finer wrinkles or larger flame front
area and consequently increase the burning velocity. St/S;. for
the CHO flames is larger than that of CH4 and CHA flames
within the whole experimental range even though S; is iden-
tical for all tested mixtures. This is due to the smaller flame
instability scale, l;, Lewis number, Le.s, and less flame
passivity against turbulence represented by Ly. In previous
researches [30,31], St was figured out to be an ensemble
interpretation of turbulent flame front. Thus, the results in
this study suggest that syngas oxyfuel combustion is signifi-
cantly different to other mixtures in flame characteristics and
turbulence-flame interaction. The detailed parameters and
discussion will be presented in the later sections.

3.2.  Flame surface density

The flame characteristics were assumed in flamelet regime in
this study because most of the conditions locate at flamelet
regime of Borghi’s diagram revised by Peters [32], as shown in
Fig. 2. Under this consideration, a turbulent flame zone is
viewed as an ensemble of laminar flamelets and the total
burning rate, < w >, of the flame is consequently the integra-
tion of local burning rate over flame surface. Bray [33] has
given the expression of < w > related to flame surface density,
¥, which can be expressed as,

< W >= PUSLIO Z = puSLk Z (5)

where < w > is the mean reaction rate, p, is density of un-
burned gas, I is mean stretch factor, and ¥ is flame surface

density. In this study, ¥ was measured by counting the pixels
in the interrogation box with the size of 11 x 11 pixel (reso-
lution is about 0.136 mm) at each location of interest [34],
assuming the isotropic flame front structure. On the basis of
the average of 500 images, the flame surface density field and
profiles of flame surface density were obtained.

Fig. 6 shows the flame surface density field and contours of
the mean progress variable, < c>, of the tested mixtures
under the conditions of Fig. 3. ¥ well corresponds to the
wrinkled structures and flame heights in terms of thickness
and flame volume of the turbulent flame region. Compared to
the CH4 flames, the syngas flames (CHA and CHO) give higher
¥ under both conditions, indicating that large amount of fine
wrinkle structure produces higher ¥ and larger scale flame
wrinkles produce lower X. It also can be clearly seen that
flame height of CHO is the smallest and that of CHA comes
second, while flame height of CH4 is the largest at both u//
S. = 0.40 and 1.45. However, the difference of flame height is
weak atu'/S;, = 1.45. Lower flame height leads to smaller mean
flame volume and flame brush thickness. Fig. 7 shows the
relationship between mean progress variable, < ¢ >, and ¥ at
relevant conditions corresponding to Fig. 6. In all cases, the ¥
profiles are approximately quadratic and symmetric. X of CHO
is significantly larger than that of CH4 flame, even larger than
that of CHA due to the enhancement of flame instability

CH4 CHA

CHO

Fig. 3 — OH-PLIF images of the turbulent premixed flames
at: a, b, c: /S, = 0.40; d, e, f: U'/S; = 1.45.
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(b)

<c>=0.9

(d)

Fig. 4 — Procedures of the image processing to determine the progress variable contour, <c>.

represented by effective Lewis number, Le.s, and flame
intrinsic instability scale, I;, as shown in Table 2. The increase
in flame surface density can be attributed to the intensity of
wrinkles of flame front and local flame instability. The flame
instability scale, 1;, of CH4, CHA and CHO, which can be un-
derstood to generate the small scale in the flame, are 1.599,
1.111 and 0.614, respectively. This indicates that flame wrin-
kles intensity of CHO is the largest of the three mixtures and
thus leads to the largest X. This can be validated by the local
curvature radius distribution and averaged radius as shown in
Fig. 8. Local flame instability represented by effective Lewis
number, Le.s, decreases in the order of CH4, CHA and CHO, as
shown in Table 2. Furthermore, flame thickness, 6., calculated
by 6. = ap/Sy. is another parameter that influences the flame
passivity response interpreted by Markstein length, Ly;. When
Ly is small, flame passivity response which represents local
stretch effect caused by turbulent vortex is reduced, leading
more small scales and more wrinkled flame front. Thus, ¥ of
CHO is the largest of the tested mixtures. However, Fig. 7
shows that ¥ tends to be slightly smaller at u/S, = 1.45
comparing to that of u'/S; = 0.40 and seems to be an inverse
tendency because flame wrinkles increases and turbulence
scales decrease with turbulence intensity. That would be due
to the enhanced flame volume and flame brush thickness in
higher turbulence conditions.

5.5
O CH4 o
B CHA
O CHO
45F
o 35}
~
%)
25F
15 L L L
0.0 0.4 0.8 1.2 1.6

u'/s,

Fig. 5 — Relationship between S;/S; and u'/S,, for tested
mixtures at various conditions.

3.3. Local curvature radius distribution

Fig. 8 shows the distribution of R and Raye of the tested mix-
tures at u'/S;, = 1.45. Peak of PDF distribution of R for CHO is
higher than that of CH4 and CHA at both positive and nega-
tive side and the corresponding R to absolute peak PDF value
is smaller. Moreover, the Ry of CHO is the smallest of the
three mixtures. This indicates that the most frequent scale of
CHO flame front is smaller and this can be validated by the
fractal inner cutoffs, ¢, as shown in Table 3, which is
considered as the smallest scale of flame front. The different
response of flame wrinkles to turbulence of CHO flame is
mainly resulted from the lower effective Lewis number and
Markstein length. Production of the smallest scale wrinkles
would be attributed to flame instability scale, l;, which was

a b C

CH4 CHA CHO

Fig. 6 — Flame surface density, ¥, distribution in the flame
brush region at: a, b, c: u'/S;, = 0.40; d, e, f: u'/S;, = 1.45.
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Fig. 7 — Variations of mean progress variable, <c>, and
flame surface density, X.

also listed in Table 2. For further fractal analysis, the inner
cutoff variations versus u//Sy of the three mixtures in present
paper needs to be confirmed in the coming study. The results
of PDF distribution of R is used to validate the flame surface
density of the tested mixtures in the later section. Moreover,
the peak value of PDF distribution of R is not identical for two

0.016 10
u'/S ~1.45
0.012} =
- €
& e E
50.008 s
: [hd

0.004

0.000 6
20 -16 12 -8 -4 0 4 8 12 16 20

Local Curvature Radius, R (mm)

Fig. 8 — PDF distributions of the local curvature radius for
the tested mixtures.

0.5

UI/SL ~1.45

0.4

0.3

ADF

0.2

0.1

0.0 'l 'l 'l 'l L 'l 'l 'l 'l
-50 40 -30 -20 -10 O 10 20 30 40 50

Local Curvature Radius, R (mm)

Fig. 9 — Variations of ADF distributions of the local
curvature radius for the tested mixtures.

sides and shows an obvious bias to positive radius under all
conditions. This indicates that the convex structure to un-
burned mixture in turbulent flame front is more frequent
than that of the concave. The unstable flame characteristic
resulting from sub unity Lewis number is responsible for this
phenomenon.

Fig. 9 shows the ADF of the local curvature radius for the
tested mixtures at u'/S; = 1.45. Similar tendency with PDF
distribution is also presented. The ADF of CHO flames is larger
than that of other two mixtures at both convex and concave
structures corresponding to smaller scales of CHO flame
structures.

Fig. 10 shows the effect of u’//S;, on R,ye. For all the three
mixtures, Ruye deceases with u//Sy especially at lower turbu-
lence intensity mainly caused by the turbulence vortex scale
decreasing with turbulence intensity. Raye of CHA and CHO
gives almost the same and is much smaller than that of CH4.
This would be due to the smaller kinetic viscosity, », and flame
intrinsic instability scale, .

10
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Fig. 10 — Variations of averaged flame local radius, Raye,
with u'/S;.
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Fig. 11 — Variations of mean flame volume, Vi, with u'/S;.

3.4. Flame brush thickness and mean flame volume

Mean flame volume of premixed type flame is an important
parameter in turbulent combustion model for connecting to
the mean fuel consumption rate, < W >, by the following
equation,

<W >=p,Y{UA/V; (6)

where p, and Yr are the density of the mixture and mass frac-
tion of fuel, Uis the mean velocity at the burner outlet,and A is
the area of the burner outlet. Fig. 11 shows the mean flame
volume of the turbulent flame region, Vi, with u'/S;, which is
defined by the space of theregionfrom<c>=0.1to<c> =09
assuming symmetrical flame. The volume was calculated by
integrating the region after the polynominal curve for <c >
was numerically rotated 360° around the flame center axis.
Detailed method was introduced elsewhere [16].

Fig. 11 shows that V¢increases quickly with the increase of
u'/S.. The effect of u//S; on V¢ are probably caused by the in-
crease in mean velocity and depth of the deep cusps of large
scale flame wrinkles. Turbulence intensity is mainly increased
by the mean flow velocity at burner exit. This leads to larger
fuel consumption and consequently increases the flame
height which can resultin thicker flame brush and larger mean
flame volume. Scale characteristics of turbulent flame front
with u'/S; obtained in the present study can be interpreted on
the basis of the depth and scale of the wrinkles. A deep wrinkle
of a concave structure refers to unburned mixture penetrating
to the main post flame. This is another important factor for the
increase of mean flame volume as the increase of u//S;. It is
clearly seen from Fig. 11 that V¢ for CHO flames is smaller than
those of CH4 flames even those of CHA under all conditions.
This is mainly because of the less flame passivity response and
lower flame height for syngas. According to previous research,
larger V¢, which also can be viewed as the heat-release region,
would extend heat release profile and further restrain com-
bustion oscillation [35]. Thus, the result of V¢ implies that
syngas oxyfuel combustion has higher possibility to cause
combustion oscillation in the premixed type combustion.

The flame brush thickness, ér, which indicates the spatial
region where the reaction layers are located is very important

40

Burner axis

O CH4
B CHA <==09 <o
O CHO <c>=0.1

Fig. 12 — Variations of flame brush thickness, 61, with u'/S;.

for the validation of numerical simulations. And it appears to
be a meaningful turbulent combustion characteristic as
important as turbulent burning velocity for normalizing the
progress variable as a universal dimensionless variable of full
description of the flame [36]. Fig. 12 shows the relationship of
ér and u'/S;. Itis clearly seen that ¢t increases quickly with the
increase of u'/S;. The 61 of CHO flames is the smallest for the
three tested mixtures and this is an important factor influ-
encing ¥ as shown in previous.

4, Conclusions

To explore the detailed flame front structure and flame-
turbulence interaction of the oxyfuel combustion of model
syngas, a CO/H,/O, mixture highly diluted with CO, was
experimentally studied. Comparison with CO/H,/CO,/air and
CH,/air flames were also made. A Turbulent Bunsen burner
and OH-PLIF were used to stabilize the flame and detect the
instantaneous flame front structure. Quantitative parameters
were obtained to interpret the flame front structure. Main
conclusions are summarized as follows:

1. Bunsen type turbulent premixed flames of syngas possess
wrinkled flame front structure which is a general feature of
the turbulent premixed flames. The wrinkles intensity is
higher for CO/H,/0,/CO, flames and the smallest wrinkle
scale is more remarkable than those of CO/H,/O,/air and
CH,/air flames. Turbulent burning velocity of CHO flame is
larger than the other two mixtures.

2. Flame surface density for the CO/H,/0,/CO, flame is much
larger than that of CHy/air flames. This mainly caused by
smaller flame intrinsic instability scale, ; which would lead
to smaller scales and less flame passivity response pre-
sented by Ly, which reduce the local flame stretch against
turbulence vortex.

3. Peak value of PDF distribution of R for CO/H,/0,/CO, flames
is larger than that of CO/Hy/O,/air and CHa/air flames at
both positive and negative side and the R corresponding to
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absolute peak PDF gives the smallest for CO/H,/0,/CO,
flames. This would be due to the unstable flame charac-
teristic represented by Lewis number and flame intrinsic
instability scale, ;.

. Mean flame volume of CO/H,/0,/CO, flame is smaller than

that of CHy/air and CO/H,/0,/air flames due to lower flame
height and smaller flame wrinkles. It suggests that CHO
would have higher combustion oscillation possibility in
premixed type combustor.
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